The nonlinear absorption properties of two series of novel free base and metalated meso 5,10-A 2 B 2 substituted porphyrins, both bearing p-tolyl as an A substituent and TMS-ethynyl or bromine as a B substituent, were investigated with the open Z-scan technique at 532 nm in the ns time regime. Most of the compounds exhibited a transmission drop with increasing input fluence. This behavior is desirable for their applications in optical limiting. More complex responses: a drop in transmission followed by an increase in transmission or an increase in transmission followed by a transmission drop, with increasing input fluence, were detected for certain compounds. All of the recorded responses were successfully fitted with a four-level model with simultaneous two-photon absorption arising from the higher excited states (consecutive one-+ one-+ two-photon absorption). The TMS-ethynyl group was found to be a more efficient meso substituent in optical limiting than the bromine atom. Indium, lead and zinc complexes with TMS-ethynyl substituents were the strongest positive nonlinear absorbers amongst compounds studied which makes them the most interesting candidates for optical limiting application.
Introduction
The development of new materials with enhanced nonlinear optical (NLO) responses is of great scientific interest.
1,2 Porphyrins, along with phthalocyanines and other related macrocyclic dyes, constitute a promising group of NLO compounds due to high nonlinearities upon irradiation with high intense laser light. 3, 4 Their main advantage is their chemical versatility which provides a tool for tailoring the linear and NLO properties for specific applications. One field of potential use of NLO active macrocyclic dyes is broadband optical limiting (OL), which aims for the protection of human eyes and sensitive optical elements against accidental exposure to high energy laser beams. 5 An optical limiter remains transparent to low fluence light and becomes opaque at high light fluence. Macrocyclic dyes are characterized by a linear absorption spectral window in the visible range. Within that range positive nonlinear absorption (NLA) giving rise to an OL effect was reported for compounds with various structures. 6 Such a response arises from sequential absorption of photons and is referred to as reverse saturable absorption (RSA). RSA occurs if the absorption arising from the excited states is higher than that arising from the ground state. Otherwise, the opposite effect, i.e. saturable absorption (SA), takes place. The contribution of specific excited states to NLA depends on pulse duration and applied intensities. At higher inputs higher excited states can be populated and hence have an impact on NLA, at lower inputs it is usually satisfactory to consider only first singlet and/or triplet excited states when modeling the NLA response. Under subnanosecond pulses the contribution of triplet states can usually be neglected, as intersystem crossing (ISC) is on the order of nanoseconds. Under nanosecond or longer pulses triplet states become populated. The effective generation and rapid access to triplet states are of great interest for protection against longer pulses as the triplet states are long lived (lifetime on the order of microseconds) and therefore will not decay within pulse duration. Hence, candidates for OL application should exhibit a high quantum yield for triplet state formation, rapid ISC and a high ratio of the excited state absorption cross-section to that of the ground state. Additionally, they should have narrow linear absorption features to ensure high transmission at high concentration and absorb nonlinearly high fluence light over a broad wavelength range. Good thermaland photo-stability and ease of processability are desirable as well. 7 Relevant research in this area focuses on the synthesis of new compounds, 8 materials composition, 9 and a better understanding of complex NLO responses. 7, 10 Significant progress has been made in the improvement of the OL performance of porphyrins since the first observation of the OL effect in TPP in 1985. 5, 11, 12 Most studies focused on highly symmetric meso tetrasubstituted compounds and a few reports on meso and β-substituted compounds or 5,15-A 2 B 2 -type porphyrins have been published. 13 18 or binding of porphyrins to other OL materials such as graphene or fullerene. 19 Generally speaking NLA is very susceptible to structural modifications of the basic dyes potentially allowing further progress in the OL field. Recently we reported on the synthesis of a relatively unexplored class of porphyrins, the 5,10-A 2 B 2 -type systems (Fig. 1) . 20 Their different alignment of the intramolecular dipole moment makes them an interesting class of potential dyes. Previous research on such porphyrins carried out by us revealed an interesting, though undesirable for OL application, behavior upon irradiation with high fluence light, i.e. a RSA/SA switch. 21 A continuation of these studies elucidated further interesting NLA responses (e.g., RSA/RSA, SA/RSA/SA, RSA/SA) along with the typically observed RSA. 22 Clearly further studies were warranted and here we focus on the comparative analysis of two series of 5,10-A 2 B 2 porphyrins. We show these systems to be interesting candidates for OL application upon certain structural modifications and highlight the interesting and diverse NLA responses of 5,10-A 2 B 2 -type porphyrins, which depend on structural features such as the central metal and the type of meso substituent. sitive to concentration. This was attributed to π-π aggregation which is a well known phenomenon for metalloporphyrins. 27 1 H NMR studies on metalloporphyrins reported in the literature demonstrated that the strength of aggregation is dependent on the interaction of the metal ion with the porphyrin π-system. The aggregation was enhanced by the presence of electron-withdrawing substituents on the porphyrin periphery. Thus, in the context of the basic concept of porphyrin aggregation the 5,10-A 2 B 2 porphyrins with their intramolecular dipole moments are prone to aggregation effects. Changes in the β proton signals for Pd_Br were observed upon dilution and over time (Fig. 2) . More significant changes occurred for β proton signals in the lower field region (>9.4), whereas proton signals in the higher field region (<9.0) were less affected. For analysis we compared three different concentrations. The most concentrated sample (c 0 = 2.6 × 10 −3 M) exhibited a doublet overlapping with a singlet which after 6 days changed to a broad signal at a similar chemical shift. A ten-fold diluted sample (c 1 = 2.6 × 10 −4 M) exhibited a singlet and a doublet which appeared in the lower field region in comparison to the signal of the more concentrated sample. The doublet and the singlet shifted slightly into the higher field region over two days. The sample which was further diluted ten-fold (c 2 = 2.6 × 10 −5 M) also exhibited a singlet and a doublet which were slightly shifted towards the lower field region in comparison to the respective signals of the more concentrated sample (c 1 ). No changes in the signals of the most diluted sample occurred up to four days. Changes in the lower field β proton signals were also observed for Pt_Br. Consistent with the studies on Pd_Br, the signals for Pt_Br were shifted downfield upon dilution. The aggregation properties of Pd_Br were studied further with UV-vis spectroscopy. Porphyrins exhibit two characteristic bands in their UV-vis spectra: an intensive Soret band (around 400 nm) and less intense Q-bands (500-650 nm). Aggregation can induce changes to the positions of the absorbances and their intensities. 28 Broadening of absorbances is also indicative of aggregation. The UV-vis spectra of Pd_Br were recorded in a 10 −3 -10 −6 M concentration range in chloroform, DMF and toluene. No changes in the extinction coefficient ε of the Q-band with concentration were observed in toluene. However, changes were observed in DMF (up to 2.5 × 10 −4 M) and in chloroform (up to 2.5 × 10 −5 M) which indicated that aggregation occurred in these solvents.
Results and discussion

Linear and nonlinear absorption properties
Ground state absorption features. The ground state absorption spectra of free base and metalated 5,10-A 2 B 2 porphyrins for a brominated and TMS-/TIPS-ethynyl substituted series are presented in Fig. 3 . The spectra of the TMS-/TIPS-ethynyl series are red-shifted compared to the bromoporphyrins. In both series, the spectra of the metal complexes are bathochromically shifted compared to the free bases. Exceptions include Pt_Br, which showed a hypsochromic shift in reference to the free base H 2 _Br and palladium complexes Pd_Br and Pd_CCTMS which appear at a similar wavelength to their free Photochemical & Photobiological Sciences Paper base analogues H 2 _Br and H 2 _CCTMS, respectively. The behavior of Pt_Br is in agreement with previous reports on platinum porphyrins. 29 The spectra of lead complexes are even more shifted towards longer wavelengths in both series of compounds. As expected, the number of Q-bands is reduced for metalated compounds due to an increase in symmetry. Except for the free base forms, the same metal complexes of both series exhibit similar Q-band characteristics. In both series of compounds, the Soret and Q-band maxima appear at similar wavelengths for the tin and indium complexes. H 2 _CCTMS and H 2 _CCTIPS provided very similar UV-vis spectra.
Nonlinear absorption responses and data fitting procedures. A standard means of Z-scan trace analysis, broadly applied in the literature, involves fitting of the experimental data with the analytical expression for the normalized transmission as a function of sample's position along the Z-axis to extract effective nonlinear absorption coefficient β eff , which is used for comparative studies. 14, 30 It should be mentioned that β eff is not a molecular quantity and thus is expected to depend on concentration and path length (herein, the same experimental conditions were applied for all experiments). The procedure for β eff extraction was used to fit the recorded NLA responses. However, satisfactory fits could only be obtained for low input energy experiments. For the experiments carried out at higher input energies, the fitting curves diverged from the experimental data, to a larger or lesser extent, depending on the compound (see the example in Fig. 4 ). Thus, the parameter β eff could not be derived for the higher input energy measurements. The values of the effective nonlinear absorption Illustration of the experimental data obtained for compound SnCl 2 _Br along with fitting curves generated with the analytical expression for the normalized transmission. The theoretical curves provided good fit to low input energy data and diverged for those at higher inputs. Table 1 Comparison of linear and nonlinear optical parameters of 5,10-A 2 B 2 porphyrins. λ max stands for the Soret band maximum; α gr -linear absorption coefficient at 532 nm; β eff -effective nonlinear absorption coefficient derived for experiments at an input energy of 50 μJ; other parameters as defined in Fig. 5 Compound coefficient β eff derived from low input energy experimental data fitting are given in Table 1 . All open Z-scan data, from experiments carried out at different laser input energies for all compounds, were fitted with the four-level model developed by us recently (Fig. 5) . 22 In our previous studies, we examined different models to fit various characters of the NLA responses of 5,10-A 2 B 2 porphyrins e.g. RSA/SA, SA/RSA/SA or RSA/SA/RSA/SA. We found that, in all cases, the four-level fitted best the recorded response. This brought us to conclusion that, despite different characters of the response, various 5,10-A 2 B 2 porphyrins share similar excited state behavior i.e. one-photon excited state absorption followed by a simultaneous absorption of two photons from higher excited states. The model assumed fast ISC and high yield for the formation of the triplet states, which should be a valid approximation for macrocycles with heavy atoms in the core or on the molecular periphery. 7, 31 Illustration of the model and definition of the parameters used in the fitting are presented in Fig. 5 . The model was successfully used to fit the responses of newly synthesized compounds of both series: brominated and the TMS-/TIPS-ethynyl, in toluene (Fig. 6 ). Best fit parameters used in the modeling of the responses are summarized in Table 1 .
Discussion
The effective nonlinear absorption coefficient β eff , derived from low input energy open Z-scan data, was in the in the range of 4.8-18.1 cm W −1 for the compounds studied. The highest values of β eff were obtained for the palladium, indium, zinc and lead complexes from the TMS-ethynyl substituted series. These compounds also exhibited the strongest transmission drop with input intensity, making them most promising for OL applications. The values of β eff obtained were comparable to those reported before for phthalocyanines and porphyrins. 14, 30, 32 All of the recorded responses, at a whole range of input energies, were successfully fitted with the four-level model. The model assumes consecutive one-and two-photon excited state absorption (one-+ one-+ two-photon absorption). This behavior is distinct from that reported for most of the other macrocycles, which is typically explained with third order NLO processes.
A switching from transmission drop to an increase (RSA/SA switch) was observed for SnCl 2 _CCTMS in the higher fluence regime (∼6 J cm −2 ). A similar switch, though at lower input fluence (2 J cm −2 ), was detected for a platinum complex from the brominated series Pt_Br (Fig. 6 ). An RSA/SA switch at comparable low input fluence was also observed for Pd_Br which exhibited an overall SA/RSA/SA character of the response. Typically, an RSA/SA switch does not occur in the ns regime for macrocyclic dyes but has been reported to arise for different materials under ps pulses. 33 In these cases the RSA/SA switch in the ps regime was attributed to a contribution of poorly absorbing higher excited states to the measured NLA signal. 
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With regard to the four-level model, the RSA/SA switch can be explained in a similar way. As demonstrated before, 22 RSA switch was observed also for Pd_Br but at much lower fluence of 0.4 J cm −2 . Typically, SA is observed at excitation wavelengths close to/at ground state absorption peaks. The experimental wavelength of 532 nm was situated in the Q-band peak regime for H 2 _Br and equal to the Q-band maximum for Pd_Br. SA/RSA has been reported before for other macrocycles in the ns regime and was attributed to the contribution of more absorptive higher excited states at higher fluences. 34 The switch observed for H 2 _Br and Pd_Br can be explained in a similar way. The ratios of the absorption cross-sections of the following excited states (N 1 and N 2 ) to ground state absorption cross-section took values κ 1 < 1 and κ 2 > 1 for both compounds. However, according to the four-level model which provided a good fit to experimental data for H 2 _Br and Pd_Br, in contrast to previous reports, RSA is due to TPA arising from higher excited states rather than to one photon ESA. In all series of compounds, the free bases H 2 _Br and H 2 _CCTMS (and H 2 _CCTIPS, too) exhibited the weakest transmission drop in comparison to the metal complexes (an exception is Pd_Br in which transmission drop was comparable to that exhibited by H 2 _Br). This observation agrees with previous reports. 5, 15 Insertion of metals into the central core is usually an efficient way to improve the OL performance of macrocyclic dyes due to a heavy atom effect through the enhancement of the ISC rate and the quantum yield for the triplet states. Both H 2 _CCTIPS and H 2 _CCTMS showed very similar NLA responses. Thus, introduction of different alkyl groups onto the silicon atom had no effect on the NLA response. The effect of the metal on the OL efficiency was different for the two series of porphyrins. This finding is in agreement with other reports. 5 It indicates that both structural features,
i.e. the metal and the substituents, must be tailored simultaneously to maximize the OL performance. Here, InCl_Br, SnCl 2 _Br and Zn_Br exhibited very similar NLA responses. The lead compound Pb_Br provided the best OL efficiency amongst the bromoporphyrins. In the TMS-ethynyl series the tin complex exhibited weaker OL efficiency than the palladium compound, which in turn was outperformed by the zinc, lead and indium complexes. The latter three compounds provided very similar OL curves. In conclusion, the lead complexes were consistently strong positive nonlinear absorbers within a series. 7, 15 Indium and zinc complexes provided very similar OL curves within each series. Thus, the metal effect is less important than that exerted by substituents for these compounds.
With the exception of tin, all other complexes from the TMS-ethynyl substituted series outperformed their metal analogues from the brominated series. Even though the lead brominated compound Pb_Br exhibited a comparable minimal transmission to that recorded for the strongest nonlinear absorbers from the TMS-ethynyl series (Pb_CCMTS, Zn_CCTMS and InCl_CCTMS), its OL performance was suppressed in reference to those compounds over a lower fluence range (Fig. 6 ). This indicates that replacement of the heavy bromine atoms at two meso positions in 5,10-A 2 B 2 porphyrins with conjugated groups enhances the OL efficiency. TMS-and TIPS-ethynyl tetrasubstituted porphyrins were previously reported as very promising materials for OL application 7, 15 and our studies confirm the potential of the TMS-ethynyl meso substituent for generating an efficient OL effect. Only a few studies dealt with the effect of bromination on NLA. 13, 35 Introduction of bromine atoms at both the meso and β positions was reported to enhance the ISC rate and the quantum yield for triplet states up to unity. 31 (Fig. 7) . Data for compounds Pd_Br and Pt_Br are not presented in the plots. Measurement at higher input energies (covering a higher fluence range) did not provide any reproducible data for these compounds. Evidently, normalized transmission correlates to both parameters -κ 1 and κ 2 . Additionally, κ 1 follows a trend similar to κ 2 . The oneand two-photon excited state absorption cross-sections σ 1 and σ 2 , respectively, were then recalculated from σ i = κ i σ 0 where σ 0 = α gr /N, and plotted for the compounds studied. Since the concentration N was the same for all the compounds σ 1 ∼ κ 1 α gr and σ 2 ∼ κ 2 α gr . The normalized transmission correlates to both σ 1 and σ 2 . However, it is likely that the correlation with the latter parameters is stronger. TMS-ethynyl substituted metalated complexes exhibited higher σ 2 than brominated compounds. An exception was the lead complex Pb_Br. Except for the tin complex, TMS-ethynyl substituted porphyrins also exhibited higher σ 1 than the other compounds. Overall, there seems to be a correlation between σ 1 and σ 2 suggesting that compounds which exhibit a higher excited state absorption cross-section of one-photon process σ 1 tend to exhibit a higher excited state absorption cross-section of the consecutive twophoton process σ 2 , too. It can be seen from Fig. 7 (lower panel) that β eff correlates to the one-photon excited state absorption cross-section σ 1 . β eff was derived from low input energy experiments. Under such experimental conditions, the NLA response of 5,10-A 2 B 2 porphyrins should be dominated by one-photon ESA. Therefore one can expect these parameters to be correlated.
Parameters κ 1 , κ 2 and σ 1 ∼ κ 1 α gr and σ 2 ∼ κ 2 α gr were plotted against the linear absorption coefficient α gr and the Soret band maximum λ max (Fig. 8) . Both parameters κ 1 and κ 2 increase with λ max and decrease with α gr . The opposite trend observed for κ 1 and κ 2 with respect to λ max and α gr can be associated with a rough correlation between the latter two parameters (Fig. 9) . α gr generally appears to decrease with λ max . This could be understood since roughly speaking the red shift of the linear absorption spectra (i.e. an increase in λ max ) causes the experimental wavelength of 532 nm to move further apart from the Q-band region of high linear absorption. No specific trend could be observed for σ 1 ∼ κ 1 α gr and σ 2 ∼ κ 2 α gr plotted against α gr . However, part of the data plotted versus λ max tended to increase with increasing λ max . This is in agreement with data in the literature. Broadband studies carried out by McEwan et al. showed the excited state absorption cross-section to reach its maximum close to the Soret band and to decrease upon moving closer to the Q-band region for porphyrins. 7 For TMS-ethynyl substituted compounds, in which the UV-vis spectra are more shifted towards longer wavelengths, the excitation wavelength of 532 nm is situated closer to the Soret band. These compounds exhibit higher values of the excited state absorption cross-section than porphyrins from the brominated series, for which 532 nm is closer to the Q-band area.
McEwan et al. also proposed that there is a correlation between the position of the Soret band maximum versus the experimental wavelength and the OL efficiency, i.e. the closer the Soret band is to 532 nm the stronger is the transmission drop. We noted a similar trend for structurally diverse porphyrins of the 5,15-A 2 B 2 , 5,15-A 2 BC series before. 14, 36 The same observation can be applied to the 5,10-A 2 B 2 compounds studied, i.e., both κ 1 and κ 2 increase with the maximum of the Soret band. 
Finally, κ 1 and κ 2 were plotted against the atomic mass of the central metal for the brominated and TMS-ethynyl substituted compounds (Fig. 10) . Previously, O'Flaherty et al. reported that although no definite correlation could be observed between the ratio of the excited to ground state absorption cross-sections κ and the atomic mass of the central atom for metalated phthalocyanines, the parameter κ generally appeared to increase with the atomic mass of the metal. 30 A similar trend can be observed for the 5,10-A 2 B 2 porphyrins with regard to parameters κ 1 and κ 2 . However, the correlation tends to be stronger if one analyzes the variation of parameter κ 1 or κ 2 for a given series of compounds, i.e. brominated or TMS-ethynyl substituted compounds with the exception: parameter κ 2 from the brominated series.
Experimental
Synthesis
Instrumentation and standard techniques for materials characterization were as described before. 37 Compounds Zn_Br, Pd_Br, H 2 _CCTMS and Zn_CCTMS were obtained as reported before.
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General procedure A -Sonogashira coupling. A Schlenktube was filled with Ar and charged with brominated porphyrin (1 equiv.), in dry THF-NEt 3 (1 : 3, v : v). The solution was degassed by three freeze-pump-thaw cycles and placed under Ar again. Trimethysilylacetylene (TMS-acetylene) or triisopropylsilylacetylene (TIPS-acetylene) (5 equiv.), copper(I) iodine (0.25 equiv.) and Pd(PPh 3 ) 2 Cl 2 (0.1 or 0.25 equiv.) were added, and the reaction mixture was stirred at room temperature until the starting material was consumed. Then CH 2 Cl 2 (30 mL) was added and the solution was washed with water and dried over MgSO 4 . Further purification utilized column chromatography.
Chloro{5,10-dibromo-15,20-di(p-tolyl)porphyrinato}indium(III) (InCl_Br). 5,10-Dibromo-15,20-di( p-tolyl)porphyrin (H 2 _Br) (100 mg, 0.154 mmol), InCl 3 (332 mg, 1.501 mmol) and sodium acetate (1.312 g, 0.015 mol) were dissolved in glacial acetic acid (50 mL). The reaction mixture was heated at reflux for 24 h. The solvent was removed under reduced pressure and the solid residue was dissolved in DCM. The solution was extracted with an aqueous solution of NaHCO 3 (5% w/v). The organic phase was washed twice with a saturated aqueous solution of NaCl and dried over MgSO 4 . The solvent was removed and the solid residue was purified. Chromatographic separation was performed on silica gel. Traces of free base porphyrins were eluted with CH 2 Cl 2 -n-hexane (1 : 2, v : v) followed by elution of the metalloporphyrin with CH 2 (10 mL) under Ar at 170°C. The progress of the reaction was monitored by TLC using CHCl 3 -n-hexane (1 : 4). Upon completion after 12 h the solution was cooled to room temperature and MeOH was added to precipitate the product, which was filtered off and isolated after passage through a plug of silica gel using CHCl 3 as an eluent. The solvent was removed under reduced pressure and the product was recrystallized from CHCl 3 Fig. 10 The ratio of the excited to ground states absorption cross-section κ 1 and κ 2 versus atomic mass of the central metal. 
